Abstract-We have proposed Flexible Mono-tread mobile Track (FMT) as a mobile mechanism for hazardous environment such as disaster area. FMT has only one track which can flex in three dimension. Generally speaking, one has to teleoperate robots under invisible condition. In order to operate the robots skillfully, it is necessary to detect not only condition around the robots and its position but also posture of the robots at any time. Flexed posture of FMT decides turning radius and direction, it is very important to know its posture, accordingly. FMT has a vertebral structure composed of vertebrae as rigid body and intervertebral disks made by flexible devices such as rubber cylinder and spring. Since the intervertebral disks flex in three dimension, it is not easy for traditional sensors such as potentiometers, rotary encoders and range finders to measure its deformation. The purpose of the paper, therefore, is to measure flexed posture of FMT using a new flexible displacement sensor. As a result, the posture of a joint of FMT is measured.
I. INTRODUCTION
It is expected that robot technology is applied to some mission on rough terrain such as rescue activity and planetary explorer. Tracked vehicles are effective against such environment because contact pressure can be distributed wider. In order to improve mobility, some new mechanism such as serpentine type tracked vehicle connected several small track serially have been proposed. We have also proposed Flexible Mono-tread mobile Track (FMT). FMT has only one track which can flex in three dimension. Its fundamental mobility have been revealed using a prototype called WORMY [1] ( Fig.1 left) and WORMY2 ( Fig.1 right) .
Generally speaking, one has to teleoperate robots under invisible condition in the mission. In order to operate the robots skillfully, it is necessary to detect not only condition around the robots and its position but also posture of the robots at any time. Flexed posture of FMT decides turning radius and direction, it is very important to know its posture, accordingly. FMT has a vertebral structure composed of vertebrae as rigid body and intervertebral disks made by flexible devices such as rubber cylinder and spring. Since the intervertebral disks flex in three dimension, it is not easy for traditional sensors such as potentiometers, rotary encoders and range finders to measure its deformation. The purpose of the paper, therefore, is to measure flexed posture of FMT using a new flexible displacement sensor developed by Akagi et al. [2] .
II. FLEXIBLE DISPLACEMENT SENSOR Since FMT has a vertebral structure, it is not easy to measure flexed posture using traditional angular sensors as mentioned above. Some methods have been proposed to measure the flexible structure. Okubo have proposed an estimation method using multi-points measurement by laser scanner [3] . Camarillo [4] has presented a vision based system for quantifying the 3-D shape of a flexible manipulator in realtime. It is impossible, however, to measure the shape of flexible mobile systems by sensors located externally. Rubber material having electro-conductive property was introduced for the measurement by some research groups [8] , [9] , [7] . In addition, Akagi et al. have proposed new flexible displacement sensors using mechanism of usual encoder or potentiometer [5] , [6] . The flexible potentiometer has been proved its surely high reliability. Hence a new flexible displacement sensor (FDS) developed by Akagi [2] shown in Fig.2 is introduced to get over the problem. Figure 2 shows a photograph and a cutaway drawing of the flexible displacement sensor. The sensor consists of two fixed electrodes (that is an anode and a cathode), a slide electrode (Fig.2) and a nylon string coated with carbon (a black line in Fig.2 , we call it "NSCC"). It works as a flexible potentiometer by sliding the slide electrode along NSCC while holding the electrical contact. Flexed posture is measured by four FDSs arranged in parallel at the position of 90 deg on a joint of FMT, as is shown in Fig.3 . In order to treat the flexion, we assume no twist about role axis and invariance of center line length of the intervertebral disk. We also assume that flexed shape of NSCC is a part of a perfect circle. We define flexed angle α as the maximum angle between the plates enclosing a intervertebral disk. Then, there exist the lines in the plates which form the angle α as shown in Fig.3 (left) . The plane which includes the lines have a line segment as the intersection with the lower plate of the left figure which is corresponding to the plate of the right figure; the line segment is indicated A-A' in Fig.3 . "Direction angle of flexion" θ is defined by the angle on the plate from a base line to the line segment A-A'. The base line is defined as the line which includes the two points on which Sensor 1 and 3 are attached (see Fig.3 (right) ). From the geometrical relationship, we can derive Eq.s 2 and 3 for flexed direction θ and flexed angle α, as shown in Fig.3 . 
Counter clockwise direction is defined as positive for the both angle. In the figures and equations, L i indicates each length of four FDSs, ΔL i each displacement and r the distance between each FDS and the center of sensor axis, that is 22.5 mm. i means number of each sensor defined in Fig.3 .
III. MEASUREMENT OF FLEXED POSTURE

A. Coefficient of FDS
Since NSCC has individual specificity, first, it is necessary to measure each FDS in order to measure the flexed posture accurately. 
B. Preliminary Test
Secondly, we examine some preliminary tests to confirm that it is possible to measure the flexed posture of a joint model. The joint model shown in Fig.5 is composed of two plates which are the end plate of the vertebrae made by duralumin with "stoppers" for limitation of flexed angle and a intervertebral disk by a spring and serially connected two ball joints. Black lines in the left figure are NSCC and nylon tube segments (fluoro-pink small pieces) are including the cathode electrodes (on the left plate) and slide electrodes (on the right plate).
Coefficients of FDSs in the tests as we mentioned above are indicated in Table I Figure 6 shows the experimental result of each flexion. In Fig.6 , the symbols × and indicate the true value and an average of five tests for each flexion, the red and blue lines mean distribution of α and θ, respectively. As a result, error is about 2 deg for the flexed angle α and about 4 deg for the direction angle θ, it is possible to measure the static flexed posture using FDS. 
C. Accuracy
Thirdly, measurement accuracy of the static posture for each flexed angle is evaluated using the third (that is, the center vertebral disk) joint of FMT implemented FDSs. We use a prototype of FMT called "WORMY" as shown in the left figure of Fig.1 . The vertebral structure is illustrated in Fig.7 . The coefficients of using FDSs are shown in Table II. Figure   TABLE II The laterally flexed angle is limited to α = 21 deg and the retroflexed angle, α = 9. We can find that the error is distributing in the area of ±1.5 deg. Since the purpose of the measurement is to detect the flexed posture for teleoperation, it can be said that the error is enough small. Accuracy of the direction angle will be discussed in the next section. flex after positive input was given at 1 s, and stopped with flexed angle 18 deg at 3 s. Though the positive input was still given in a second, the flexed angle did not vary because of the limitation by the stopper. Next, negative input was given at 7 s, and then, the flexed angle began to decrease, equaled to zero at 9 s, began to increase again and reached to 20 deg. Finally, the positive input was given again at 15 s, the flexed angle began to decrease 17 s, and equaled to zero, that is, the straight posture. As the result of the direction angle θ (Fig.14, right) , the direction was staying around 50 deg (that means the left) just after the positive input was given, dramatically alternated at 9 s to about -130 deg (that means the right) and was staying there until 19 s. The direction angle is unstable when the flexed angle is close to zero, especially around 0 s and 19 s. Difference of displacement of each FDS is very small, if the flexed angle is small, it is difficult to detect the direction angle as a result. There are protuberances in the diagram of the sensor out put (Fig.12 ) and the flexed angle (Fig.14, left) . The protuberances appeared just after the negative input was given at 7 s in order to return from left flexed posture to the straight and the positive input was given at 15 s in order to return from right flexed posture (see Fig.14, left) . From Fig.12 , the first protuberance appeared on FDS No.1 and 4, and the second on No.2 and 3. These sensors had negative value in the case, thus the sensors were located outside of the arc shape posture (see Fig.11 ). It is ideally expected that displacement of the sensors arranged diametrically opposite each other draw symmetric pattern about abscissa axis. We have not identified the cause of the problem yet. We assume that it comes from friction of the slide electrode and elasticity of NSCC.
E. Measurement of a Joint Angle in Case of Retroflexion
Finally, we measured time evolution of the retroflexing movement. Process of the test is as follows: 1)Positive input for retroflexion is given and FMT retroflexes upward from straight posture until it stops at the maximum flexed angle, 2)the maximum retroflexed posture is kept for a moment, and 3)negative input is given and FMT returns to the initial straight position. Figure 15 and displacement (right). Each line color is corresponding to same number of sensor in case of lateral flexion. In the test, positive input for upward retroflexion is given at 2 s, it turns zero at 9 s, negative input for downward retroflexion is given at 12 s, and finally it turns zero at 17 s again. We have to remark that the retroflexed posture can be kept without input torque as the retroflexing mechanism is realized by a worm gear system. The right figure, the displacement of sensors, of Fig.15 tells us that all displacements show the same pattern with negative sign from start point to 8 s. Equations (2) and (3) indicate that the signal is neglected and does not affect the flexed angle and the direction angle. Since all displacement of the sensors shortened, we should interpret that the joint is compressed. The phenomenon, we did not see in the test of lateral flexion, is caused that large compressing force was generated in order to elevate the vertebrae and the intervertebral disk of the joint was shortened. Hence we define joint displacements ΔL tj , (j = 1, 2) caused by the deformation as the following equations.
Two pair of the sensor displacements arranged diametrically opposite each other are identical ideally, nevertheless, we define two joint displacements ΔL t1 and ΔL t2 so that we can see whether the both pair behave analogously. As the left figure indicates, the joint displacements increase in negative direction even if the flexed angle begin to increase significantly. We can find that the joint was compressed about 4 mm, as a result. Figure 17 shows the modification in the retroflexion of the third joint. The left figure means the straight posture and the right shows 11 deg retroflexed posture. In case of upward retroflexion, since the true value of the flexed angle was 11 deg and radius of the retroflexion was 220 mm, length of the center arc of the intervertebral disk was 43.2 mm (the distance was 43.0 mm). In case of the straight posture, the length of the center line was 47.5 mm, the intervertebral disk was shortened 4.3 mm. In case of lateral flexion, the deformation was ±1 mm. Figure 18 shows the flexed angle (the left) and the direction angle (the right). The flexed angle was staying around 1 deg after the torque for retroflexion was given, increased rapidly at 8 s and reached 10 deg. After torque for downward retroflexion was given, the angle shows the same pattern. We have confirmed that the first and the fifth (that is the both end of WORMY) intervertebral disks deformed to begin with, then the second and the forth them deformed and finally, the third one deformed in case of the retroflexion because of heavier weight of the both end vertebrae [1] . The measured joint is the third one, thus, we can find that the deformation delayed for a moment. The direction angle was unstable when the flexed angle was small as mentioned above. It was about -45 deg, this means the upward retroflexion, for large flexed angle.
As a result, we could measure time evolution of flexed posture of FMT using the flexible displacement sensor.
IV. CONCLUSION
In the paper, we introduced a new flexible displacement sensor in order to measure flexed posture of flexible monotread mobile track. Deformation of the center joint of a prototype was measured as flexed angle and direction angle through some experiments. As a result, we could observe that the joint was contracted by compression for retroflexion.
Future works are measurement of all joints, measurement flexed posture of FMT with track belt, and so on.
